left-turn lanes; that is, protected left-turn control is recommended if the number of left-turn lanes exceeds 1. Such a decision process lacks a balanced consideration of other factors such as opposing traffic volume, which may be very low; therefore, the decision may not be rational at all locations or under all conditions. In many cases, an alternative left-turn control type might provide equal performance, especially when jurisdictions have clear policies and preferences toward a specific type of left-turn control. Because many factors cannot always be quantitatively evaluated, engineering judgment often plays a critical role in the selection of a left-turn control type.
The primary objectives of this study are (a) to develop a new guideline for selecting left-turn signal control based on the principles of multicriterion decision-making analyses and (b) to test the feasibility and validity of the guideline for practical applications.
BACKGROUND

Left-Turn Control Guidelines
Several research efforts by state and local agencies have developed warrants and guidelines for determining left-turn control types at signalized intersections. Most guidelines were developed on the basis of various factors and are primarily presented in a flowchart format. The major factors include traffic volume, delay, accident history, number of left and opposing through lanes, speed, sight distance, and qualitative measures by engineering judgment, described as follows:
• Traffic volume and the volume cross product are the most common factors. Cottrell recommends permitted left-turn control if left-turn volume is equal to or less than two vehicles per cycle (1) . The cross product is the left-turn volume multiplied by the opposing through volume. Different threshold values were used in the studies depending on the number of opposing through lanes (2) (3) (4) .
• Delay is found to be a common measure in several studies. Koupai and Kothari recommended PP left-turn control as a minimum requirement when the mean peak-hour delay per left-turning vehicle exceeds 35 s for rural areas and 50 s for urban areas (3). Cottrell recommended PP left-turn control when the mean peak-hour delay per left-turning vehicle exceeds 35 s and the total peak-hour left-turn delay exceeds 2.0 vehicle-h (1).
• Accident history is another critical factor. PT left-turn control is recommended by Asante if seven or more left-turn related accidents have occurred within three years with PP left-turn control (5) . Koupai and Kothari recommend PT left-turn control if the number of leftturn accidents on two approaches is more than six per year or on one approach is more than four per year during any 12-month period within the last 3 years (3). Another study suggested two threshold values when PP left-turn control should be converted into PT con-
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There are three main types of left-turn control at signalized intersections: permitted, protected, and protected-permitted. Determining left-turn signal control types is one of the major elements in traffic signal design and operations, and it is a systematic approach involving complex decision rules. Existing guidelines for determining left-turn signal control have been primarily based on traffic volume, delay, geometry, crash experience, and other related factors. Such guidelines are generally presented in a flowchart format. One of the major shortcomings of the existing guidelines is that a single variable could dominate the decision process and thereby prevent a balanced consideration of all other important variables. A new guideline for determining left-turn control types mostly applicable to conventional left-turn displays is presented. The current format is designed for a four-leg intersection configuration; however, it can be easily adapted to the other formats. The guideline is based on the principles of multicriterion decision analysis and provides an indexbased recommendation: a numerical scale is used to compare each type of left-turn control with the others instead of an absolute left-turn control type. With the data collected from the field, it is shown that the proposed guideline can be calibrated and tailored to specific left-turn control policies. Therefore, the guideline can be easily adapted by any jurisdiction.
Determining left-turn signal control is a systematic procedure involving complex decision rules. In general, there are three types of left-turn controls at signalized intersections: permitted only (PM), protected only (PT), and protected-permitted (PP). The objectives of any recommended left-turn signal control should be to provide improved efficiency or improved safety, or both. Improved efficiency is reflected by an increase in capacity or a decrease in delay. Improved safety is reflected by a likely decrease in crashes. A number of factors are involved when left-turn signal control types are determined. These variables generally include traffic volume, delay, geometry, speed, accident history, and other related factors. Various guidelines have been developed for determining left-turn control types at signalized intersections. These guidelines are mostly presented in a flowchart format. Threshold values are generally set for each factor, and the decision process is usually dominated by a single factor if the threshold value is met for that factor. For example, most existing guidelines usually set a threshold of 1 for the number of trol: five left-turn accidents per year and the critical accident rate of 32.6 accidents per 100 million of left-turn and opposing traffic volumes (1) .
• The number of left-turn lanes is mostly consistent among the various guidelines. If there is more than one left-turn lane, PT left-turn phasing is recommended (1, 2, 5) .
• The number of opposing through lanes is increased when the through volume increases, and this change may lead to increased accidents. PT left-turn phasing is recommended when there are three or more opposing through lanes (1, 2, 5 ).
• Speed, sight distance, and engineering judgment are other important factors for selection of left-turn control. PT left-turn control is recommended if the opposing speed is greater than 45 mph (2, 4, 5) .
Restricted sight distance may cause the increase of accidents at the intersections. Upchurch (4) recommends PT left-turn control when the opposing speed is 35 mph or less and the sight distance is 250 ft or less, or the opposing speed is 40 mph or more and the sight distance is 400 ft or less. Most guidelines and warrants recommend that engineering judgment be used in conjunction with the quantitative measures.
Although most existing guidelines have covered these major factors, selection of a left-turn control type is usually dominated by a single factor when its recommended threshold is met. The decision on selecting left-turn control type must be evaluated by traffic engineers with both left-turn guidelines and engineering judgment. Even if some guidelines include engineering judgment as a factor, the existing practice of relying largely on engineering judgment is insufficient because of inconsistent application and exposure to liability challenges. As a result, the decision process lacks a comprehensive and balanced consideration of all relevant factors, which may yield undesirable solutions.
Multicriterion Decision Analysis
Multicriterion decision analysis is a technique to handle situations in which multiple criteria, usually conflicting criteria, and factors are involved (6) . There are three stages in utilizing this technique (7): 1. Determine the relevant criteria and alternatives, 2. Assign numerical measures to the relative importance of the criteria and to the alternatives for these criteria, and 3. Process the numerical values to determine a ranking of each alternative.
A wide range of multicriterion decision analysis methods can be used to achieve a final ranking or scoring of the decision alternatives. Common multicriterion decision analysis methods are the analytic hierarchy process (8) , simple additive weighting method (9), TOPSIS method (10), and ELECTRE (10) . Multicriterion decision analysis begins with establishing factors that can measure relevant goal accomplishments (11) .
Most of the applications of multicriterion decision analysis in the traffic engineering field are still in the development phase. Only a small number of studies were found, mostly related to assessment of transportation policies, highway asset management, and planning (12) (13) (14) (15) (16) . Another researcher makes a case for the use of decision support systems in dealing with the complexities of urban traffic systems with a large number of conflicting goals (17) . Multicriterion decision analysis methodology was applied as a decision support tool to evalu-ate the different alternatives for reducing congestion and improving the road system in the city of Campinas, Brazil (18) . In the study, multicriterion decision analysis was built in three phases: structuring, evaluation, and recommendation. The problem formulation and objective identification were achieved in the first phase. During the evaluation phase, a value from 0 to 100 for each alternative for a given criterion was assigned (called the "value function"). Then weights were determined to assess the relative importance of each criterion in the whole model. In the last phase, global evaluation was performed by multiplying the weights by the attractiveness of each criterion from the value function, as follows:
where V (a) = global value for alternative a, v 1(a) , v 2(a) , . . . , v n(a) = partial values of alternatives for Criteria 1, 2, . . . , n, w 1 , w 2 , . . . , w n = weights on Criteria 1, 2, . . . , n, and n = number of criteria within model.
The alternative was chosen with the highest result (V (a) ). Another study was conducted to improve the efficiency of the public urban transportation system (19) . In the study, a model of multicriterion decision making based on the analytical hierarchical model was presented with the aim of improving the efficiency of the public urban transportation system. Multicriterion decision analysis was applied to the development of an incident management program including the enhancement of safety, minimization of resource requirements, and the enhancement of traffic operations (20) . Applications of decision support systems and multicriterion decision making in particular to transportation are described in an interim report for NCHRP Project 20-29 (21) . NCHRP Project 20-29(2) expanded the framework developed in NCHRP 20-29 and developed a generic software package to facilitate the multimodal, multicriterion transportation investment analysis for both freight and passenger transportation (22) .
The simple additive weighting method is probably the best known and most used multicriterion decision analysis method (11) . The main goal of the method is to obtain a weighted sum of the performance rating for each alternative over all factors. The main steps of the simple additive weighting method are as follows:
• Identification of the alternatives, criteria, and factors and generation of a decision matrix. The analysis begins by establishing criteria that can measure relevant goal accomplishments. The decision matrix (D) involves a set of n criteria C i (i = 1, 2, . . . , n) and a set of m alternatives A j ( j = 1, 2, . . . , m) (23) . A decision matrix for m alternatives and n criteria is given as where X ij represents the performance of alternative A j ( j = 1, 2, . . . , m) with respect to Criterion C i (i = 1, 2, . . . , n). 
. . .
• Determination of criteria weighting. Typically, the relative importance of criteria is measured with a weighting vector W, written as
Weights can be expressed at either an ordinal (qualitative) or cardinal (quantitative) measurement level.
• Normalization. Both decision matrix (X ij ) and weight vector (W) may contain qualitative and quantitative data and each criterion may have different measurement units. Therefore, normalization may be required to compare all alternatives in the decision matrix.
• Determining the overall performance. The overall performance value of each alternative (V j ) is obtained by where r ij is defined as the normalized performance rating of alternative A j on Criterion C i (23) . The more-preferred alternative A j is obtained on the basis of the value of V j (the greater the value of V j , the more preferred the alternative is).
PROPOSED LEFT-TURN GUIDELINE
The multicriterion decision-based guideline in this study was based on the simple additive weighting method. The computational engine was implemented in Microsoft Excel with Visual Basic programming and followed the following steps:
• Determine each alternative, that is, the three control types;
• Identify criteria in the decision process, that is, the factors;
• Generate subdecision matrices for each factor with respect to each alternative;
• Determine factor weights based on local data and agency preferences;
• Generate a decision matrix; and • Rank the alternatives.
The three left-turn signal control alternatives at signalized intersections are A1, PM left turn; A2, PP left turn; and A3, PT left turn. The nine evaluation factors that are mostly applicable for four-leg intersections with conventional left-turn displays are identified as
• C 1 , subject left-turn volume;
• C 2 , cross product (subject left-turn volume times the opposing through volume);
• C 3 , number of subject left-turn lanes;
• C 4 , number of opposing through lanes;
• C 5 , opposing speed;
• C 6 , sight distance;
• C 7 , number of left-turn accidents on subject approach; The guideline includes the compounding factors for considering the combined effect of number of subject left-turn and opposing through lanes and opposing speed and number of opposing through lanes. The subdecision matrices (scores) are generated for each criterion based on literature review and local preferences. In addition, the criterion weights determined by using local data are w 1 , weight for subject left-turn volume; w 2 , weight for cross product; w 3 , weight for subject left-turn lane; w 4 , weight for opposing through lane; w 5 , weight for opposing speed; w 6 , weight for sight distance; w 7 , weight for number of left-turn accidents; w 8 , weight for Compound Factor 1; and w 9 , weight for Compound Factor 2. The decision matrix is generated for three alternatives and nine factors by using Equation 2 as follows:
The performance of each alternative with respect to each factor (X ij ) is obtained from the subdecision matrices. The overall performance value of each alternative (V PM , V PP , and V PT ) is calculated for nine factors as follows:
where V PM = overall performance of PM left-turn control, V PP = overall performance of PP left-turn control, V PT = overall performance of protected left-turn control, w i = weight for each factor, X i1 = performance of PM left-turn control with respect to each factor, X i2 = performance of PP left-turn control with respect to each factor, and X i3 = performance of PT left-turn control with respect to each factor.
CASE STUDY
The proposed left-turn guideline procedure was applied in a case study based on the data collected in three major jurisdictions in Nevada, including the city of Reno, the city of Sparks, and most of the Las 
Vegas metropolitan area, where signals are operated and maintained by Freeway Arterial Systems of Transportation (FAST). These agencies have clear differences in their left-turn control preferences and policies. For example, Reno has a rather conservative policy reflected by a tendency to use protected left-turn controls, whereas FAST has a rather aggressive policy reflected by a higher percentage of PP leftturn controls. This difference is attributed to the heavier traffic flow rates that need to be accommodated. Sparks is somewhere between. In order to assess the guideline with field data from these agencies, the factors and weights had to be tailored to reflect the differences in these policies. The guideline was implemented in an Excel spreadsheet using the Visual Basic programming language. The spreadsheet included a total of four worksheets and four macro modules. The factors were listed on the Inputs worksheet; the Calc1, Calc2, and Calc3 worksheets are the computational engines for the three jurisdictions. In these worksheets, the subdecision and decision matrices and weights were presented for each jurisdiction. The recommendation from the guideline for left-turn control was also included in the Inputs worksheet based on the results from the other worksheets.
The overall computational procedure for implementing the guideline for multicriterion decision analysis within the left-turn control can be summarized by the following steps:
• Identification of all important factors (Inputs worksheet), • Generation of subdecision matrices (Calc1, Calc2, and Calc3 worksheets),
• Assignment of weight factors for each alternative (Calc1, Calc2, and Calc3 worksheets),
• Generation of decision matrix (Calc1, Calc2, and Calc3 worksheets), and • Determination of results of overall performance (Inputs worksheet).
Identification and Selection of Factors
The factors were obtained from the literature and a comprehensive nationwide agency survey. In the survey, specific questions were asked about the factors and their degrees of importance when left-turn control types are determined. The majority of the responses placed crash records at the top, followed by capacity and delay, size of intersection (e.g., number of lanes), and traffic progression. As a result, nine factors were identified, as discussed in the previous sections: subject left-turn volume, cross product, subject left-turn lane, opposing through lane, opposing speed, sight distance, and number of leftturn accidents, and the two compound factors: subject left-turn and opposing through lanes and opposing speed and opposing through lanes. These compound factors primarily reflected degrees of influence on the safety aspect of left-turn controls.
Generation of Subdecision Matrices
The subdecision matrices were generated to determine the performance of each alternative with respect to each individual factor by giving a score. The scores of each alternative for each individual factor were primarily obtained on an empirical basis. Besides the information obtained from the literature and the nationwide survey, the research panel composed of traffic engineers from the three jurisdictions also provided significant input. Each factor was scored a value between Ozmen, Tian, and Gibby 99 0 and 10. The number reflects the level of preference for a control type. A score of 10 would suggest that a certain type of left-turn control is absolutely needed. For example, when the left-turn volume is 60 vph or less, scores of 10, 0, and 0 are assigned to PM, PP, and PT, respectively, indicating that permitted left-turn control is strongly favored. Subdecision matrices were generated for each jurisdiction separately. Sample subdecision matrices generated for the city of Reno are shown in Tables 1 and 2 : a total of nine subdecision matrices for each factor are presented. Most of the scores in the subdecision matrices were very similar for each city; however, there were still some variations from city to city because of each city's preferred left-turn control type in similar conditions. The major variation is the scores of the compound factor of opposing through speed and number of opposing through lanes (OppSpeed&OppTHLane). In similar conditions, Reno has a tendency to use protected left-turn controls, whereas Las Vegas and Sparks have a tendency to use PP left-turn controls. For example, Sparks and Las Vegas would more likely prefer PP left-turn control when the speed limit is 35 mph and the number of opposing through lanes is 2 (scored as 0 for PM, 6 for PP, and 4 for PT for Sparks and 2 for PM, 7 for PP, and 1 for PT for Las Vegas). In contrast, Reno would prefer PT left-turn control at the same approach (scored as 0 for PM, 3 for PP, and 7 for PT).
Assignment of Weights
Once the factors were identified and the subdecision matrices for each factor were established, the next step was to estimate the relative importance of each factor (weights). The weights are major indicators of the left-turn control preferences and policies and have a significant impact on the final recommendation. At the testing stage of the guideline, weights were assigned by group experts and engineers. Then the weights were calibrated and derived for the three agencies based on the intersection data collected at these jurisdictions. They were determined on the basis of the best match between the existing left-turn control and the guideline-recommended left-turn control. Table 3 shows the factor weights for Reno, Sparks, and Las Vegas. The weights are dynamic rather than static; that is, the weights change as the variable (input) changes. For example, the weight for the opposing through lane may be assigned at a lower value of 0.1 when the number of opposing through lanes is less than 3 but may be assigned at a much higher value of 0.3 when the number of opposing through lanes is equal to or more than 3 for Reno. In most existing guidelines, the number of opposing through lanes becomes a dominant factor when greater than 2, generally resulting in a recommendation of PT left-turn control.
Overall Performance
Once the factors were identified, their subdecision matrices were established, and the weights were determined, the next step was to generate the decision matrix. The overall performance of each alternative (V PM , V PP , and V PT ) was obtained for the nine factors with Equation 6 . Depending on whether the left-turn phase was on a coordinated system, an adjustment was made to shift 10% of the overall performance value of V PP to V PT , reflecting the case in which PT control benefits progression by using lead-lag phasing without the yellow trap normally existing under PP control. During the final decision process, traffic engineers should give important consideration to whether the intersection is located on an arterial street. The type of left-turn phasing is an important factor for maximizing the progression on an arterial street, and many agencies consider choosing lead-lag phasing to improve the progression. Using lead-lag PP left-turn phasing is further enhanced by allowing vehicles to turn left during the permitted interval and providing more green time for the coordinated movements. This technique is especially effective for coordinated arterial signals where the progressed platoons in each direction do not pass through the signal at exactly the same time (24) . If such is the case, the final decision for selecting the 
left-turn control type may favor lead-lag PP left-turn phasing unless no safety issue exists. In addition, consistency of left-turn control type along a corridor should be considered during the final decisionmaking process unless there is an absolute reason to select another type of left-turn control.
Illustrative Example
An example is presented next to demonstrate how the proposed guideline works. The input data are shown in Table 4 , and Figure 1 shows the decision matrix.
As discussed in the previous section, the factor weights were assigned dynamically according to the input values. Since none of the factors exceed their threshold values, the following weights were assigned for the nine factors: w 1 = 0.01, w 2 = 0.01, w 3 = 0.1, w 4 = 0.1, w 5 = 0.1, w 6 = 0.1, w 7 = 0.15, w 8 = 0.15, and w 9 = 0.28.
The overall performance of each left-turn control was calculated as follows:
Since there are nine factors, the overall performance value of each alternative was obtained by multiplying the weighted sum values by 9. . . Table 5 shows the guideline results for the given example. Since the left-turn phase was on a coordinated system, adjustment was made to shift 10% of the overall performance value of PP left-turn controls to the overall performance value of PT left-turn controls: 
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Finally, these scores were converted into a 100% scale that would give the index for each type of control. In this example, PT was a favorable control with an index value of 52% compared with 22% for PM and 26% for PP.
The guideline was evaluated by using data from 28 intersections in the three jurisdictions. Table 6 shows a summary of the major characteristics at these intersections.
The existing left-turn control types at the study sites were compared with those recommended by the guideline, and the percent matches are shown in Figure 2 . The proposed left-turn guideline provided the highest matches to the existing control type for the Reno sites (93%). The sites in Sparks had the lowest match at 68%. There are several reasons why the controls did not match:
• If there is a more restrictive control type (e.g., PT) for the opposing left turn, the more restrictive control will be selected for both approaches for consistent driver expectations. The number of sites involved in such a case was 4% in Reno, 5% in Las Vegas, and 23% in Sparks. This finding indicated that the more restrictive left-turn controls should be selected for both approaches at these intersections.
• The crash data were available only at the sites in Sparks. The high number of left-turn crashes triggered a more restricted left-turn control, resulting in the lower percentage of matches in Sparks. It seems that the recommendations from the guideline are rational, and some intersections may need to be changed to more restrictive control types because of the high number of left-turn accidents.
SUMMARY AND CONCLUSION
A new left-turn control guideline based on multicriterion decisionmaking principles was presented. This guideline eliminates one of the major shortcomings of previous guidelines by providing a comprehensive and balanced consideration of all the factors involved. Instead of recommending a clear-cut absolute control type, the guideline produced control indices, closely resembling a typical decisionmaking process in practice. Such a guideline is of particular interest in cases where multiple factors are generally involved and engineering judgment plays a critical role in determining the left-turn control. The computational engine for the guideline was implemented in an Excel spreadsheet format with Visual Basic codes. With the data from 28 signalized intersections in three major Nevada jurisdictions (Las Vegas, Reno, and Sparks), the scores and weights used in the decision matrices were calibrated and derived to provide the best match between existing control types and those recommended by the guideline. The case study demonstrated how the scores and weights of specific factors can be established to tailor specific agency preferences and policies. As indicated in the case study, there are clear differences in left-turn control preferences in the three jurisdictions. For example, Reno adopts a more conservative policy by implementing more PT left-turn controls, whereas Las Vegas adopts a more aggressive policy by implementing a higher number of PP left-turn controls.
The results from the case study generally showed good correlation between the existing control and the guideline recommendations. The sites in the Reno area showed the highest match at 93%, and the site in Sparks showed the lowest match at 68%. It seems, however, that the recommendations from the guideline for the sites in Sparks were rational. The sites that did not match generally involved a rather high number of crashes, where the guideline recommended PT controls for both approaches instead of the current PP controls.
In conclusion, the proposed left-turn guideline showed excellent potential in assisting traffic engineers and jurisdictions to make rational decisions on left-turn control types. The methodology and model structure used in this study can be easily adapted by other jurisdictions developing or revising left-turn control guidelines. The next phase of this study should focus on validation of the guideline by using more intersections.
